ABSTRACT A transparent reflectarray antenna integrated with solar cells is presented for satellite communications in the paper. The electromagnetic characteristics of solar cells at Ka-band are investigated, and a sub-wavelength X-shaped dipole element is designed to augment the reflectarray's performance. A prototype with an aperture of 160 × 150 mm 2 is then analyzed, fabricated, and tested to validate the proposed design. The simulation and measurement results show good radiation characteristics, and the measured gain at 20 GHz is 27.3 dBi with an aperture efficiency of 40.0%. Low side-lobe and cross polarization levels are obtained. Furthermore, the solar energy efficiency of the proposed transparent reflectarray antenna is studied through an optical blockage experiment. The optical blockage ratio is less than 9.9% and at least 81% of light transmittance has been achieved. This work continues to propel the research on reflectarray antennas integrated with solar cells, making it more promising for practical applications in space satellite communications.
I. INTRODUCTION
Space exploration has attracted global attentions recently. For large-scale commercial applications, it is necessary to control the overall cost. The launching cost has been reduced effectively after the success of Falcon Heavy rocket from SpaceX. To further decrease the cost, some other technologies have to be considered.
In order to augment the data transfer rate at space, the high gain antenna has been developed with large aperture and volume, such as reflector antennas. Due to the limited volume and mass on small satellites, a compact and lightweight high-gain antenna with good radiation performance is much preferred. To meet the stringent demands with limited space, an effective way is to integrate together multiple functional devices for different applications. As the solar panel can offer a large planar area for solar energy harvesting, it is potential to integrate high-gain antennas with solar panels.
The concept of solar antennas was proposed since 1990's and different types of solar antennas have been studied, such as the conventional meshed and transparent patch [1] - [4] , monopole [5] , dipole [6] , PIFA [7] - [9] , slot [10] - [12] , DRA [13] , [14] , Vivaldi [15] , and metasurface loaded antenna [16] . A wearable textile antenna based on substrate integrated waveguide was presented in [17] . However, these aforementioned designs can only achieve relatively low gains. A medium gain antenna array was discussed in [18] based on L-probe fed elements. In order to obtain a high-gain antenna for long-distance satellite communications, the reflectarray antenna integrated with solar cells was first proposed in [19] - [21] using cross dipole elements with an aperture efficiency of approximately 10%.
Since 2012 NASA/JPL has initiated the ISARA project [22] , integrating a Ka-band reflectarray antenna with the solar panel of the cubesat. Then, many efforts have been made to improve the reflectarray's radiation performance. Two types of elements were studied in [23] that can be integrated on top of solar cells for small satellite application. An improved design with cross dipoles introduced in [24] achieved good radiation characteristics. The measured gain of 26.3 dBi was realized with an aperture efficiency of 29.8%, and the optical blockage ratio was 17.6%. In order to reduce the optical blockage, a high-gain conformal cubesat reflectarray antenna was presented in [25] - [27] with overall transparency of more than 90%, while the simulated aperture efficiency was 45%. Instead of metallic material, a transparent element design was presented in [28] using a transparent conductive patch on a glass substrate, but there was no discussion on the antenna performance. Furthermore, transparent reflectarray using indium tin oxide was proposed for linear polarization applications in [29] with the measured gain of 22.8 dBi. An aperture efficiency of 44.3% with 100% optical transparency was realized based on the ITO material and PEC ground. Based on the solar cell substrate, an optically transparent lens was realized in [30] . This novel design manipulated the element dielectric constant by drilling variable air holes in transparent dielectric materials to achieve certain aperture reflected phase distribution. It can provide the minimum optical blockage with an aperture efficiency of 25%; however, the structure was relatively bulky for space applications. To sum up, solar reflectarrays with higher aperture efficiency and lower optical blockage ratio are much preferred for future space applications.
In this paper, a Ka-band reflectarray integrated with solar cells is presented to achieve better antenna and optical performances. A sub-wavelength X-shaped dipole element is adopted to augment reflectarray's performance, which is experimentally verified by measurements of a prototype. Compared with previous designs, the measured aperture efficiency is successfully increased to be 40.0%, while the optical blockage ratio is decreased to be 9.9%.
II. PROPOSED ELEMENT STRUCTURE INTEGRATED WITH SOLAR CELLS
As the solar cell serves as an essential integrated part of the substrate of a solar reflectarray, it is critical to assess its electromagnetic characteristics at the frequency band of interest. Then, the element structure is designed and its performance is analyzed.
A. MULTILAYER STRUCTURE OF SOLAR CELLS
A specific type of solar cells is shown in Fig. 1(a) with a rectangular size of 40 × 30 mm 2 and a truncated corner. The multilayer structure of the solar cell is depicted in Fig. 1(b) , which is similar to that in [24] except for the glass glue. The electromagnetic parameters of the adopted glass glue are measured using a standard waveguide method and a network analyzer. It is shown in Fig. 2 that at the design frequency of 20 GHz, the measured relative dielectric constant is 2.43 with the loss tangent of 0.0255, which remain stable in the Ka band. The measured relative dielectric constant of the cover glass is 6.39 and the loss tangent is 0.0135 at 20 GHz.
The conductivities of epitaxial layer and doped germanium are 2.6×10 5 S/m and 2.3×10 3 S/m at DC, respectively. For a non-ideal conductor, its conductivity is frequency dependent at AC, which can be calculated according to the following formula from the Drude model:
where n e is the carrier concentration and γ 0 is the reciprocal of relaxation coefficient, which can be measured through the Hall effect experiment; e is electron charge and m e is electron mass; ω is the angular frequency, which equals 2π f . σ 0 is the conductivity at DC. Based on these frequency independent parameters and ω, the imaginary part of the epitaxial layer is calculated to be only ∼5% of the real part at 20 GHz, and its influence will be discussed in the following section.
B. ELEMENT DESIGN
A novel X-shaped metallic dipole with a width of 0.2 mm is chosen as the phasing element, shown in Fig. 3 , which is printed directly on the cover glass. The proposed element is simulated in a periodic environment, and its simulated element phase and magnitude responses are shown in Fig. 4 . For comparison, the performances of the cross dipole element are also plotted in Fig. 4 with the same configuration. It is observed that two elements have similar phase range. However, the X-shaped dipole can make full use of the corners of the unit space and the dipole length can have a larger variation. Consequently, the X-shaped dipole has a gentler phase curve, and hence, the phase error caused by fabrication errors and the variation in material properties of the solar cells can be reduced effectively.
Based on the proposed X-shape element, the unit size can be reduced to 3.33 mm (0.22λ 0 at 20 GHz), which is even smaller than that in [24] . The sub-wavelength structure can mitigate the influence of highly lossy substrate (solar cells) on the element magnitude performance [31] . The introduced glass glue layer can also contribute to reduce the magnitude loss, because a thicker substrate can result in less magnitude loss [32] . Based on the sub-wavelength unit and glass glue structure, it is observed from Fig. 4 that the magnitude loss is reduced to 1.4 dB, exhibiting a great improvement compared with that in [24] .
As previously mentioned, the imaginary part of the conductivity of the epitaxial layer is calculated at 20 GHz, which would cause potential influence on the element performance, so it is necessary to quantify these effects. Fig. 5 shows the element performances with and without the imaginary part of conductivity of the epitaxial layer. It is clear that the phase curves for both cases almost overlap with each other, while the magnitude curves have a difference of 0.05 dB due to the effect of the imaginary part. Therefore, the effect caused by the imaginary part of conductivity can be neglected.
For dual-linear polarization, it is necessary to investigate the influence of asymmetric grid electrodes under the illumination of different polarization source. Fig. 6 shows the element performances with TE and TM source. It is observed that two phase curves almost overlap with each other, the maximum deviation between two magnitude curves is only 0.02 dB with the dipole length of 3.1 mm. Based on the simulation results, it can be concluded that the grid electrodes have little influence on the element performance, no matter TE or TM source. The oblique incidence performances of the proposed element are discussed in Fig. 7 . The oblique incident angle is VOLUME 6, 2018 FIGURE 6. Simulated element performances with TE and TM sources.
set as 45 • for the TE/TM source. The phase and magnitude curves are plotted in Figs. 7(a) and 7(b), respectively. Compared with the element performance under normal incidence, it is observed that the maximum phase deviation between them is 43 • , while the maximum magnitude deviation is 0.5 dB. For most elements, the oblique direction is less than 45 • , so the potential phase error and magnitude loss are much less.
To sum up, the element analysis can provide some guidelines for future designs. The X-shaped dipole can offer more tolerance of phase errors from fabrication, assembly and variation in material properties of the solar cells, the magnitude loss is also mitigated by introducing sub-wavelength element and thick substrate, thus greatly enhancing its potential for space applications. At 20 GHz, the imaginary part of conductivity has little influences on the element performance, so the conductivity at DC can be directly used for quick evaluation of the element's performance. The element performance is less sensitive to the asymmetric structure of grid electrodes, making it promising for dual-linear and circular polarization. The phase and magnitude differences between normal and oblique incidence are still acceptable for engineering applications. With the glass glue layer, the element's multilayer structure, except the additional metallic dipoles, is the same as that of the solar cells in production, and hence, the proposed design is more suitable for future practical applications.
III. PROTOTYPE DESIGN AND EXPERIMENTAL RESULTS
In order to validate the proposed element structure, a reflectarray prototype integrated with solar cells at 20 GHz is designed, fabricated, and measured.
A. REFLECTARRAY CONFIGURATION
The reflectarray prototype is shown in Fig. 8 with an aperture size of 160 × 150 mm 2 . 20 solar cells as shown in Fig. 1(a) are utilized as the reflectarray substrate, with copper foils filling the corners between the solar cells. A vertically polarized corrugated horn with a gain of 16.3 dBi is employed as the primary feed. A simple cos q (θ ) function without azimuth dependence is utilized to model the feed's radiation pattern, and the corresponding q factor is 10.2. To reduce the feed blockage, the horn is placed 155 mm above the aperture with an oblique illumination angle of 15 • . The main beam direction of reflectarray is also 15 • off the broadside of the aperture.
The reflectarray aperture consists of a total number of 2112 X-dipole elements. The required phase of each element is then calculated using the ray tracing method to compensate the spatial path delay from the feed and collimate the main beam in the predefined direction. The calculated phase distribution is plotted in Fig. 9(a) . The magnitude distribution of the aperture can be determined by considering the magnitude and path loss of each element. It is observed that the edge taper is about −10 dB, which is helpful to realize a higher aperture efficiency. Note that the optical blockage is taken into account and is marked by the shadowed area in Fig. 9(b) .
Because the X-dipole elements are made of metallic materials, the light in the X-dipole area is blocked. However, due to the narrow dipole width of 0.2 mm, the total area of the metallic dipoles is calculated to be only 9.9% of the entire aperture area. The optical blockage ratio is relatively small, and its influence on the solar cell's performance is very limited. Hence, the designed solar reflectarray can be considered as a transparent antenna.
B. SIMULATION AND EXPERIMENTAL RESULTS
Based on the aperture phase and magnitude distributions, the radiation performance of the proposed reflectarray is calculated using the array theory method [33] . The calculated radiation pattern is shown in Fig. 10 , where the calculated gain at 20 GHz is 28.4 dBi and the aperture efficiency is 56.6%.
The reflectarray prototype is measured in an anechoic chamber, and the measured radiation pattern is also plotted in Fig. 10 . The measured main beam is in good agreement with the simulation. The measured first side-lobe and cross-polarization levels are −17.0 dB and −26.8 dB, respectively. The tested gains within the frequency band of interest are shown in Fig. 11 , which is 27.3 dBi at 20 GHz, corresponding to an aperture efficiency of 40.0%. Due to the subwavelength element spacing and the gentle phase curve of the X-shaped dipole element, the measured 1-dB gain bandwidth is 12.9%. Certain discrepancies between the calculated and measured results are observed, which are mainly due to the following factors:
1. As some elements on the aperture are illuminated obliquely by the feed. For convenience, the magnitude and phase curves under normal incidence are adopted for reflectarray design, so there will be certain amplitude errors with the maximum value of 43 • and phase errors with the maximum value of 0.5 dB for these cells under oblique illumination;
2. Due to the imperfect fabrication process, certain X-shaped elements are not printed correctly. The incomplete elements will cause certain amplitude and phase errors. Taking this into account, the simulation results show that the first side-lobe level has increased 1 dB; 3. At the assembly process, the air gaps are inevitable during the procedure of assembling the cover glass, glass glue and solar cells together. The air gaps also exist between different solar cells. These air gaps would cause certain phase and magnitude errors. Additionally, the EM-waves are sensitive to the metallic mounting frame for test configuration, which would cause certain pattern deterioration;
4. The back radiations of the reflectarray are not considered in calculations using the array theory method, which would cause higher side-lobe levels. The proposed reflectarray is compared with some of the existing designs in literature, and their performances are summarized in Table 1 . The initial design in [21] realized an aperture efficiency of 10%, which was improved to be 29.8% with the tested gain of 26.3 dB at 20 GHz in [24] . Optimized optical transparency of 94.5% and better simulation results were reported in [25] and [26] with the gain of 26 dBi and aperture efficiency of 45%. Based on ITO material, transparent reflectarray without solar cell was investigated in [29] with the measured aperture efficiency of 44.3% and gain of 22.2 dBi. Another kind of transparent reflectarray was presented in [30] . The tested aperture efficiency was 25% with the tested gain of 26.16 dBi, almost no optical blockage exists at the expense of a bulky structure. The measured aperture efficiency is 40.0%, which is the highest measured result with solar cells. The optical blockage ratio in this work is 9.9%, significantly lower than that in [24] , hence its impact on the solar cells is acceptable. Therefore, the proposed design can offer better radiation performances and a light structure.
C. LIGHT TRANSMITTANCE EXPERIMENTAL RESULTS
For a multifunctional component, after successfully integrating the reflectarray on the surface of solar cells, it is also necessary to investigate the influence of reflectarray antenna on the solar energy harvesting. An experiment scenario is constructed to test the light transmittance at different circumstances with and without the X-dipoles printed on the top of coverglass for the proposed multiple functional design.
The calculation principle is derived from [24] . The output power of the solar cell (P out ) and its solar energy efficiency (η) are in linear relationship at the same incident optical power (P in ) in (2) . From (2), the light transmittance can be deduced to be the ratio of the solar energy efficiencies with and without X-dipoles illuminated by a fixed optical source. Based on the analysis above, the light transmittance can be obtained only from the output powers of the solar cell while neglecting the incident optical power.
60848 VOLUME 6, 2018 The experiment setup for measurements of light transmittance is similar to that in [24] . The corresponding equivalent circuit is depicted in Fig. 12 . The entire experiment is conducted in a darkroom and a 45-W fluorescent lamp is chosen to be the equivalent optical source. The power source can be equalized to be serial connection of an ideal voltage source and a resistor. It is connected to a resistor load changing from 10 Ohm to 2750 Ohm. An ammeter and a voltmeter are utilized to measure the current and voltage of the resistor load. The light transmittance of the solar cell is discussed for three cases: 1) a solar cell without coverglass; 2) a solar cell with coverglass only (without X-dipoles on it); and 3) a solar cell with coverglass and integrated X-dipoles. In order to compare the solar cell's responses under different illumination intensity, the distance between the lamp and the solar cell is chosen to be 25 mm and 50 mm, respectively. The current and voltage of the resistor load are measured at different circumstances for output power calculation, which is plotted in Fig. 13 . It is observed that the output power becomes lower when increasing the separation distance, due to a reduced illumination power density. The coverglass and the X-dipoles continue to decrease the output power because of an increased optical blockage.
Based on the calculated output powers, the light transmittance can be derived, which is also plotted in Fig. 13 . It is clear that the transmittances at two separation distance are all above 81%. After the output power peaking, the light transmittance begins to rise up to above 90% while the output power starts to decrease. The average transmittance is calculated to be 94.1% and 93.1% at the separation distance of 25 mm and 50 mm, respectively. Compared with the solar reflectarray in [24] , the proposed design successfully decreases the optical blockage from 17.6% to 9.9% and increases the light transmittance from 64% to 81% at the point of maximum output power, which significantly improve the solar cell performance.
D. SUMMARIZED DESIGN GUIDELINE
The design guide lines for solar reflectarray are summarized as follows:
Firstly, the electromagnetic characteristics of the solar cell are investigated, including the conductivity, relative permittivity and loss tangent; Secondly, the element structure is designed with less optical blockage and its performance is analyzed including the phase range of ∼360 degrees and less magnitude loss at normal incidence, the influence of the loss epitaxial layer and grid electrodes, the effect of oblique incidence on the element performance;
Thirdly, the array design is conducted with the modeling of the feed's radiation pattern, the feed position and main beam direction to avoid the feed blockage, phase distribution and magnitude distribution using ray tracing method, antenna array performance calculations (gains, efficiency and radiation pattern);
Lastly, optical experiment is performed.
IV. CONCLUSION
A Ka-band transparent reflectarray integrated with solar cells is designed and tested. The sub-wavelength X-shaped element has the ability of less magnitude loss and tolerating more phase errors. The measured array gain is 27.3 dBi with VOLUME 6, 2018 an aperture efficiency of 40.0%, and the 1-dB gain bandwidth is 12.9%. Meanwhile the optical blockage ratio is reduced to be 9.9%. Solar transmittance experiment has been performed and the light transmittance is raised to be above 81%. Compared with previous designs, this work significantly improves the radiation performance of the reflectarray integrated with solar cells, and the solar harvesting performance at optical region. As an effective approach to reduce the volume and mass of major satellite components, the proposed high-gain antenna should find wide applications in future space communication systems. 
